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[’l]allcngcs of 1 luJnan-Robot  C~()]lllllll]licati()31
III “1’clerobotics

III. A n t s ]  1<, IIrjcxy
Scni[n R(w’al  Cil  Sc’ic]’lt ist

]ct l’]opulsio][”  1 ,al)orato]y
C’alifolJ]ia  lllstit  Lltc of 1 cclIIIolo~)

l’asadc:ia,  ~’ali{oljlia  911(H

h4(~clc]  II dc\wl(q]]nc]}t tJ(’llC]S  i l l  t(’]CJobC)t  CC)lltl  O]
{Cchllolop,y”  alc ai]llcd  at a7n})lifyillp, tllc  a(l\)a,lta~,m
altd all(’viati]lfi  tllc ciisad\ra]lta&m  o f  til(’  l~ll]llan
clc IIImt  il] COIItI 01 }Iy t}Ic tie\’cl(q,]]lc]lt anti Ilsc  of
a (i \’aI”lc’c’ci s~ll$’il%  “Va})llics  disl’lv’s~  i~lt(’~liwlt
C[~lll}Nlt  CJ C’Ollt  I (dS, aJIC] IIC,M’ Col[l])  Ll{c]’-l-)aScci  ]I]al I-
Illacl~il~c illtc]facc t i c \ ’ i c e s  all(i teCllT[iq  L]c% i n  tlIc
il~fo]Jllatio]l  arlci  cmltlol  cl Lal  II I(,ls.

AutoIl~ation  in tcltw]w;atiml i s  Clistinp,llisllcd  frol]’t
otllcl  fo]ll~s of aLlt(~]n:it(,  ci systc]ns  by tllc explicit  allci
acii\’c ~]aliicil)atio]l  o f  tllc llu Jnan  opc]ato~  i n  syston
(01 It] 01 anti illforlllat  ion l]-l:\Ilti~,cl-l-lel\t. SIICII acti\’c
~:~;~i;’~;~~;l”l  1)~ tllc  }lllYIla71,  illicractillg  wit],

Syst (’1’1”1 Clelllc’llts ill t(lco}wlatio]l  i<
cha I actc] izcci by sc\cral lc\cls o f  cm~tro]  a n t i
coIlllllLITlic:~tiol”l,”  aIlci  CaTI tw cmlccpt~lali~cci  III ICim tlIc
]J(>t iml  of “sllpe~  vise] J’ Co]lt ro]” []), ‘]’1,(  ],,;l,,-,,,~]cl,i,,c
iJlt[,]actio]l l(I\cls ill tclc[qx’]  aio] mlltl(d :lJICi

co]llJrll]Jli( atio]l can k c[~lwiciercci  ill a hic]archical
aIj allgc]llcnt a s  Olltlirlc(i ill [?]:(i) plallnillfi  OJ hip, h
l(I\cl al~[)]itlllnic fL]l)ctiolls,  ( i i )  IIloto]  c) I a c t u a t o r
Colitr(]l  fl]llctio]ls,  allci ( i i i )  c]ll~ilc)]l]ric]ital  il[tcracticm
scI~sill~,  ful]cti(ms, ‘1’i~cse f~lncti(ms  tak( j)lacc  ill a  task
Col]tcxt ill m’}licll  tllc  lcvc] of s~’stcm allto]llation  i s
d(t(]lnillcci  t)y ( a )  tile ]nccli;lllicai  aIIci sct~si7~~
ca}]atliiities o f  tllc’  t(’]cl Ol)ot systcII”L,  (1)) real tilnc
scllsill~,,  (c) t}lc a]noLllit, fo]Illat, Colltc’]lt  all(i ]Ilocl(’  o f
()})crat 01 irltcvactio]’1  with tll(, tcl(,  Iol~ot Systcln,  (d)
CI t\ril  cm II Icmtal  constr  aiTlts,  like task co]n  p]c,xity allcl (c)
()\ ’cIall  SySiCIII  co]lstraints,  like  opc]ator’s s k i l l  0]
IllatLllit}’  of ]]iacl~inc intclli~cItc(,  {Cclllliques.

I I I  tllc sccoIlci  Sc(iioll of tl]c  ~,a}w] smIlc  ~clI(’lal
co]lsici(,r:ltio]ls” a 1’(’ prm’nk’d 011 c(mt rol and
illfo]J]iatio]i issLlcs  ill {Clcml)otics.  III tllc papcI’s tl~irci
s(,cti(}ll  aci\,  anc(,s  aJ(I I c\?icwc, ci m]atcci  to the more
Col]\)cllti(>llal }ILIJII:tI i-]obot  (lI/r)  c(J]-l-ll]-lllllic[]ticJ]l
tcc}ll~iqu(s,  ‘I’l Ic loIIr[lI  scctio]l  of tllc pap is t ie\’oteci
10 a  b]icf Ciiscilssio]l of SOI1”IC LIJlcc)Il\’c]ltiC)]]al  llLlt
})]o]l~isill~,  11/I Colllll”lllllicatic)]-l  II IO Cl(f,, T}l(’  ])apcl
u) IIciIIcics  wi{il s[)lll[~ IIoic’ 011 fllt 111’(’  11(’[dS  aIICi
ciircctiml  ill  t}lc cic\~cl(q)mcllt of’ 11/] C(J]]l]llLllliciltic)]l
]n(dalitics  ill telc]  Ol)(ltics.
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c(wltl(~l wl]ilc  tl~c ]Cmaillill,g  lnotim]s  in the SaIIIC J\’(lIk
S] ’)ar(, ICf(’1  Cllc(, fJ’aJl”lC arc  uI)dcI alJIOl]”LatiC  C(lll’L])UtCJ
col)t Jc~l  l)ascd  ( m  SCJISOI’ illforJILatiOll  oJi~,illatillf;  fIolll
ilIc 10})()!  CIld CffC’CtOl. I t  i s  IIotd that,  in this  IIybricf
Collt J(j] S}’ St(’Jll, tlIc llmIlual  cwItIol  i s  ill task-  1( ’\Icl
t(’1’JllS  \V]l; C’}1 0]S()  l(’qUi J’CS a COI))])lltC’1  111  thC’ WlltJ’0]
S~StL’Jl), ‘] ’])(> SC) JISOJ  -1’CfCJCJICC’d  aUtoIllFJ!;  C CO]  It J 0]S aJ’C

ia so ill  task-  lc\’cl  to IJlS dcfillecl  \i’ithiJ~  a  pJ c-
])l’()~)J:ll llJll(’(]  COJIt J’0]  1J7C’JII1. 111 Illis control  ll-IOCiC,”  t h e
()])[,1 a t e ]  ~llCi  alli  OIJ”LFJ!iol~ S]laJ(’  t]l(’  Collt  J”()],

‘J~IC COJll]JlltC1-i]~lSCd COI’Jt  J’[J] S\rSt(’J’JL Of t]l~ ];]{] 1(’
Sll])])ol  IS fou? IIlocim of lILal  IIIal  coJ)tlol: ]]ositio Jl, ” rate,
fo]CC-lCf]CC!iJl  p,, aTIcl  colJLJ1l  iant conl Iol” ill t a s k  s])acc
(( ’aricsiall  s]mce) cooIciillaics.”  ‘l”lw  opc~ato~,  tl~roll~i~
all  0 1 1 -  SCJCL’11  111 Cllll,  ( ’al l  CiC’Si~J”Jat  C t]l(’ COllt JO] llloCiC
fol c’ach  t a s k  S p a c e  a x i s  iJdC}l(’IKt(’ Jlt]~. ‘J’llc  p[)sifim
[  (Jli(w] ?J/OdC SC’I’\JOS  !]lC S]a\~L’  }lOSi(i  O1l  Ellld  01 iC’J”Jtati(ll)
to lnatcll  tile IIIaStCJT’S. ‘1’11(,  ??d(’.l+lg  .ft/?lf/im/  allo\\’s
S]avc  cxcLllsioll<  ku,yl’ 01 SIIIFJ]](V  tl)all  tllc’  ~()-CJl’J C l  It)(’
h a n d  (011!  I Ollcl  Wol”k I’olull”kc. 11) the .fm’cc-rfflerfi)?~
?//(Mi C, !11(’ h21Jl  Cl COJlt  JC)]]C’J” ill baCkd Ti\’C’Jl  lIa Sd 011

(’Jlcl])oillt \’(’locity iJl task s}]acc  tlascci  OTI tlIc
(Iisplaccmm  It o f  t}l(’  ]Ianrl ColltJO]lC’1. ‘J’his  is
illlld(’111(’llk’d  t}ll  OLl@l :1 SOft Wal C’ S} Will~,  iIL t}W COII!JO]
coln])Llt(’1 of !11( hanc]  C’Ollt  J O]lc’r. “HITmI~lI tl~is
sofiwalc  S])l-illp,, tllc c]pcratc)r  IIas a scJ-watio~i c)f tlIc
H) JIll”llalldd rate and tl~e soft\valc  s])ril]p,  also
} ~1 C)\7id C’S a 7.(’J O- J’(’’k’J’CW’d  M’S{  Orilli; force. ‘Jhc late
lIIodc  is uscf Lll f o r  t a s k s  reel Lliri7J/,  ]argc  {J aJv,lati  Oils,
‘] ]K’ C(J7H;di(711t  C(JJl(l”O/  ?JIOdC  iS ill)]  )] ClllLV”ltCC]  t}lTO@l  a
](]M)-}EJSS SoftL$’al  C” fl]!C’J aCilllp, (HI !l-l(, I ol)ot” h a n d ’ s
folc(, -tol”  qLl(, SCSJISOI clata  in t h e  h>~l)l id posiiioll-fol  cc
1()()]1.  “1’}~is  ]wI  J)iits ti~c o])cratm  to contl  0 1  a  Splingy or
1(’ss stiff  lol,  et,”  Acti\c  complialicc  ~~itll cialllpil~~,  call
1)(, \’aJicd  1))) cl~all~,in~  the fil{el  ],arametms  ill the
sofl\\aT c II) CIII1,  srtiill~  Sprins  paramei(I  to 7m) iJl
tlw  l(IM)-~)a  SS filtcl \\’ill  rcciucc  i t  to a  ]IUI  c dalJ\])c~
whic]l  rcs~llts i~l  a hi~ll  s t i f f n e s s  h\ ’l)rid  posit  ioI1-fo  J(c”
L’OlltJ  01 1(10}).

‘HIe ori~,ina] I: RIIC’ l~as a sil)l])lc  IIanci ~Iip
cq~lip})(d with a  clcaclJllall  sm’itc]l  aJlci M’i!ll thIcc
fLIIlction s\(7itcl)cs. ‘ J o  bcttcl  \ltili7s {Ilc  o})cvatm’s
fillgcl  in])Llt  capal>ilitics,  aTI e x p l o r a t o r y  pmj(~c[
e\ ’aluatccl  a rlcsi~Jj  concept  t]lat woIIlci place  coIn])~ltcr
kcylloaJd  fcat\llm atlacl~ccl  t o  the hallci &Iip  o f  t}lc
]:f<] ]{”.  ‘1 O  ?lCColYL])]iS]l  !]liS,  !} L]’(C’  ]  )A”l’A1 ]AN] )lA’ [d]
switch  II IOdII]CS WCJC illtegratcci  uritl]  tll(,  ]Ianci  ~, Ji}),
l;acl)  s\j’itcll  II IodLllc  a t  a fiJl~,cl  {i]-)  Cmltaills  fi\’c,
s\jitc]lcs, ‘] ’J ILIs,  tllc  tlllc(, s\~7itcll IIlociulcs  at tllc  1’1{}  IC’
IIallci fiI i}, CaJI colttain  fiftccJ)  fL)ndioll  kq’s  \vhicll  CaII
dilccil}’  col)-lll-lll]~ic:ltc,  \4’itll a Com]>lltc,r  !Clmil[al.  “his
(’lilni Jmte5  tllc  Iwcci  fo; the o})cJatoJ  to mo\~c  }lis/}lrl

]1:111[]  flolll  tll(’  ]:]<1 ]~’ ]laJld  fiI”i]~ {C) :1 SCll:lJ”:ltC’  kC:)d)OaJ”d
t o  ill])ut  lncssa~cs  allcl COIIIIIIaJ-LCiS  to !11(’ compLIlc  I. A
t e s t  allcl cvaluat  iml, llsill~,  a  mock-111  I systc~)i  mci ten
!Cst sllbj(cts,  in(iicaic(i  t h e  \~ial)ility  o f  !Ilc,  finp)(,r-ti~)
sl(~i{cll  II”Iodlllc  S as ]Ial L of a llc\\’  lIal)d f;]i]]  l~llit  f[)~ the
l:R}  1(’ a s  a  pJactical  step  towalds a  Inorc  iJ-~tc~ratd
o])(J at[)l  intcl fac(,  dc\ricc  [ 5 ] .  hlol c on tl~c ] ‘1<1 ]~’ alId
OJI ]lal-J(i  COJ)!J’()]](’I  t(’dlllo]()~~  i l l  {; C’lWJ’a]  C,lll  bC

fotllld  iJl 16].

3 . 2  C’OJllpUleJ  Kcyboa;  d C’(IIItrO]S

1  lLllllall-JOIK~t  c(~lltlo] Cc)llll)lllllicatic)l] t~l  JOLl@l
COIII])U{(’J  k(’~l)oald  COJI~l’O]S  aSSLll  IIL’s !]IC a\’ai]al)ilit~
o f  SOIJ”l(L ])1  C]”) I()~,lal  J”lll”l(’d 01 r ) l l - l i n e  ]llo[;J”alllll  ”l:l])]C
C O J I { 1 O ]  II ICI III. A  C(lJltJol  IILC’JII1 lCIld(tTS  ]“1/1’ C(ll  Itl O]
Colll  J))llTlic~l!i[)Il  ]lld]JCCt  ZIIL(]  }I]ac(’s  1! 011 all  a~lStl’a  C\
C’[)111  ‘l Llf CJ’1 “lan~~,  ua?, (,” lc\’cl.  A  iCi C’J’Ol)ot  cmIt  I o] 111  CJ”lll
Call ~)C :1 \JCJ  ~ Silll}>](>  01 IC 01 i t  can b(’ a \JcT’y
SOp])isti  Ca{cCi olIc I,y ~lsill~, s~)l,,c  ~,Ial,IJII~T  a)l~
il)l])lyillg  smIIc task  coltcxt.

~krhi](’  nmTlual  col!t  J 0]S l\a\’L’ a  11’JOJ  c 01 ]WS  il”li  Lliii\Jc
“body” a~)pca]  to a l l  opcra!or  aTIci  rcc]lliJc  Iclativc]y
silll})lc tJailllllg  ]) IOCdUJ’C’S,  Collt})utc’)  kcyt)oarci
cm! t 01s  of tclu c)bots ha\~c  all  iIltmse  al)pcal  to t})c
l{lllnaJ~  co~)]liti\’c s k i l l  and{  lcq~lilc so] I Ic s])ccific
SC]l  C)()]i Jl~, ]11  COI1”I}”l  U!C’I }11”0~,1  aJJlll”Li  T”Jf,.

A n  iJll})r)riant  IIO!C’  i s  i n  place  ]ICJC:  OIIL’ ]Las to
C]istill~Llis]l  {)] S(}})arat(,  !}IC’ SO cal]cd  “fJ’ollt  c ’ l i d ”  or
“llSCI C’lld” COIll]JUtCl k’}rlK)~J C ] C O ]  I! I’O]S fJ’[Hll {]1(’

k’)’hJJ d CC)] I t  J  0]S :l\’aikLblC’  !0 COI\{  J’()] ])1(~~1:111”1
dc’\K’lopcI”s. M’Jlilc co]  It J 01 ~) TOgJ’alll  cl(’\T’lo~)C’l  s aJ e
I) OLIIIC]  to II(, il]t(,Jcs{(c]  ill  Cxp]oitillp,  specific  feat  Lllc,s
al”lci Ca})al)ilitics (lf an o~)cratil~~, s}~st el I 1 and
}“U()~JalllTILiJl~ ]all~lla~,(,  {0 C’OJ’JStl  LICt  :1 llSdLl] tC’](’l’O~)[)t
collt  Iol })~op, Ia7n, t]lC “CJICi USC]”” (thC  aCt  Lltil O}J(’I atCT)

i s  m o r e  il~tclcstd  in dealili~  With a siTll])lc  “fJolit  cnct”
al’C]lit CCt LIJ  C’ Of CO JII})U{C’T k(>yboal  Ci COJli  J 0]S to ]) C1’fC)rI’l”J
actua]  !(’](}J[)l)Oti  C t a s k s . A s  O f  y(’t, !] ICJ”C aIC  110
ll~ailltaillal)lc  siaJ)(ialcis  fo) “fl ollt  C’Jld”  al’C}litCCt  LIJ’C  O f
CC) Ill} )Ut(’J kcyboaJ”d colt  IO] COIT  IJI-IL II Lic at im I iI I
lclclol)otics. 1  ,aclI cxistill~ systcvn h a s  i t s  own
stal~(]alci  tliat i s  llTlclclstalldal)l(,  IJ”IIK!])J to !11[,  aCi LIFI]

Systc’111  clc’\do})cv  s, AI AS1{I ;K4  [~] onl y“ Icyrw.m  ~t(d al I
LIJlfillislld  initiati\~c  to dcfi  Ttc a COIIJmOII stall  cialci,  ancl
\vas b a s i c a l l y  foc~]sccl  at  tl)c l)ackglo~llld  alchitcct  Llrc
of a ~,eIIcral ““usm’s f r o n t  old” kevt)oal  d colltl  01.

3.3  \7isual Ilis]>]ays

‘ 1  ask \’isLlali7.ation  is a key problc:ll  iJl t(’lc’Jot)otics,
l) C(;IUS(’  JI-JOSi of t]l(’ ()],(,]at()J  ‘s collt  J()] decisioJls  aJc
l,aseci  011 \’isllal  (u \’isually  conv(,  ~cd info] JILE t  ioJ1.
“ 1  ‘lIr key  \’i<Llal  iJliorJnat  ii)ll  o r i g i n a t e s  fJ OIII ‘l’\J
calnmas. AI I a~~xilia?y  SOIIICC of \,isL1al  infoIJnatioli  i s
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CO  II> )Llt(,l1 ~;la]lllics  \vl~icll  plays an inclcasin~]y
ilnpor[al]i  I (~lc ill [(’1(’I Ob(jtic systems.

3.3.1  ‘J’\~ C’amcla  ]Jisp]ays  - “1’hc  ac[ual  cl IallcII~cs  t o
acclllil  c aIId d i s p l a y  “1’\~  camera  inf(}Il]laticul  co faI
lJcy(H~d  tlie scare’1] for  an optilnimcf  C’OJ”J\’C’l  ltiOlla]  static
:IrJaILp,CIIIICIIt  of ‘1 ‘V carom a alId  lnollitm  col~tI  ol -1 ‘1 \(’
(Ilalk’lw’s aI(L foc(lsd  a t  ISSIICS of acqLlilinp,  ant]

cr)n\J(yill~,  Slcl’L’0  \’ision  informat ion aIIci  of collncclill~,
all  this  act iv i ty  to the llcacl/cyc  ll~otioJl of all o}wI at(,I
01c(7(I-?}IIJI(IIIC(I  displ(lys)  in 01 Ller I(I crcatc  a  ])1 O])CI
\is Llal (71\ilmlmc71t  for t(’lc~)lcsclIw  (m tclc-cxistcvwc);
scc d e t a i l s  il{ 18 aII(l  c)].

I t  i s  IIotcd  t h a t  11(’:lcl-Illc)Lllltccl  01 llclli’l(t-I)l[Jllllt((l
dis])lay  i s  (m}y OI)C jneth(d  to o catc g(mllctliral]y
C’ol’r(’ct \’isLlal tck’])m’llc’c’. ()[11(’1”  IIlctllods  ale
clcsclilwl  ill [10 and 1 1], usin:,  “\’il t~lal willdom””
tcclllliqll(,  t )ascd OII a  f i x e d  lli~ll-rcsolut  ion  Sic] (KJ

\riclco Syskm with  lIcacJ tl-ackill~,, [[)11  W]xnl(lill[;
calncra ]Iositiollillfi,  allcl  inlap)c ICpl’odllctioll  to CFJC]I
(’J7C to C’(11’J’cS])OIld  to w h a t  tile \,ic\4~el  WOUIC]  sw  147c I c

sl)c  lookill~, ” tlirollp,h  a fixed  wrilldo\j’,

1{ ]Ias  y(’t  to IJC Sllmv]l, as point  ccl out ill [ 1 ] ,  It(l\\’
ilnporla]lt  i s  t}lc S~JISC’ of “i(wlill~  p] CWllt”  }K’T M’ a<
coIII]Ia  Icd to siln])ly  ha\!iIlg  hi~}l Icsollltioll,  a  }~’ic{c
f i e l d  of \’i(w, and othm a t t r i b u t e s  o f  ~o(d  \ris Llal
S(llsol’y  fc(’dllack, I t  i s  notd  t h a t  11?]  dcsc]itm  a
lli~ll-rcscllllti(lll,  w i d e  vie\\’  anp,]c  lJcaci-lt[()~lTlt(,cl
clisplay  llsill~  cyc mc)vmicvlt  t~ackili~,  w i t h  fa\~o~al)lc
cxp(’ri  Inc Iltal  rcs~~lts,

3 . 3 . 2  ~omputer  c;raphics  l)isp]ays  -  TIIc Iolc o f
Compute]  p, I aphics  ill tclcrol)otics  inclllc]cs  1 ) ])lalllliTl~,

9)  ~11  ~\7iC\$,il)g  lnoiiolls,actiol~s,  . 3) }) Icclictin~  I Ilotions”
ill  lea]  til]ic  LIIIder  col-l-ll-IILlllicatic)ll  tiJnc delay,  4 )
llcl],ili{; (q-mat  01 trail  lilig, 5) cmal]lills  \istlal
])(,lce]>tioll of nolll~isit]lc ~\(’Jlts  ]ik’ fOJC(’S  aIld
?Iloln(’l]ts, allci  6)  scr\in~,  a s  a fjcxiblc o]wl atm
il]tcrfac(,  to tll(, c(nll])Lltcliwcl  cmlt Iol systcI  II.

‘1’llc  ca])al)i]ity  of task plalmin~  aidd by cmnplltc]
~ra])hics (~ffcls flcxillility, visual q u a l i t y ,  ald a
qllal)titati\’(’  d(,si~n  lIas(  to tllc ]~lallniJlg }ll-OCCSS.  ‘I’l Ic
ca]JalJilit\~ (If p, I aphica]l)’ pre\icw’illg lnotiolls
Cllllallc(%  the  qLlali{y  of teleo~wration  [Iy l-(ducil~~ tl ial-
alId-(,lJol  Stratcsies  in tllc llarcfu’arc  Cwntlo]  and 1))’
iltcrcasilt~ tl]( opwatm’s  confidcJlc(  ill  contro]
CJccisiolt Illakillp, dlllil~g  task  cxccLliic)ll, l’l(dictillp,
C[)I~s(’(]~1~1  lC~s of ]Ilotioll”  COI”l”Jll)alldS  111  l’~a] t i l l - l o  Ill)d(’]
Colllllllll)icatir)ll tilnc clcla}’  }wIIllits  l(u IgcI  actic)ll
s(’~,llK’lw  Jtio  Jls as 0})])  OS(V3 to tllc 11-lo\~(’-alicl-\4’ait
Colltlo] St] at(,~,y II()]lllally (“’~1’lw~cj V.’1K’11 110
f’)rcclicti\’( dis~)lay  i s  a v a i l a b l e , illcwascs  o}Ic  I atiml
saf(~i}’, allc]  lc,dLlccs total  c)})(,ratioll  tilnc. Opc’ratm
traill;llp,  tllroll~,ll  a  colll})utcr  gra})llics  clisplfiy systc)n
i s  a  co11\7ellicnt  {cm] f(m fanliliali~illp,  the o}wratol  u’it}i

tlIc tclcopm  at(,cl systeIJI  \~’itllc)ut  tllrniII~, tlw  ha I  clwal  c
syst(Jll  OII. l)isllalization  o f  llml\isil]lc  cffcct~  (Iikc
Cmltact fo] ccs) cnal)]cs  visLlal  pcrcc])tion  of riiff(mnt
lloni’is~lal  sm~soly data,  al)d ]IC]]>S  Jl”Jalla~C  S~St(Wl
lcclu  IIda  IIcy  l,)’  ~)lo\’idill~  SC)IIIC suitdll]c  {:corrlctlic
illia~,c of a II”illltidilllc]lsic)lial  systcvn s t a t e . 1 ,ast, l)ut
1]0{ ‘least, com])utcv  p, I apl~ics as a flcxil~lc  o p e r a t o r
i]ltcrfacc to tl)c c(mtfol  s}’stcllls;  i t  lc’placu, coInplcx
switclll)(mrc]  and :Illa]()[; [Ik])lay  llard\i’al’c i n  a CC) I)t JO]
Station.

1 I“It’ :lCtll:l] Lltility of cmn})ut(l-  ~raphirs  in
t(’lcc)]w]atioll  Clc,],(v)cls  to a  IIi[:ll  clc~r(’c  OII tllcc fldclit)’
O f  F, I”d]l]”JiCS  11”10(](’]S  t]lat I  C}) J’CWJ)t tll(’ t(’](’()})~1’ak’d
s)’stcn~, tllc  t a s k ,  and tllc t a s k  c,Jl\’ilO1lll-tcl~t. ‘1’llc’ 11’1
A’1’ol’  ]>1 ojmt  dcvclo]K,cl a  mctllocl  for  lli#l-f]clclity
ca]i~)l?ltioJl  of ~l”a]lhi  CS ]llla~Cs t[~ aCt Llal  ‘~’\7  ill”la~C’S  of
t a s k  Sc[’llcs. ‘J’his  dc\clo])lncl~t  has fo~II IIlajol
iIl~, ]crlicJlts:  filst,  the cr(,ation  of lli~ll-fidelity  tllr(w
clilncJlsional  {; I aphics  moclc]s  o f  I ol)ot arlns al”l  d
(Jl)jcct$,  of iIltclcst  fOJ 1 Oi)(}t allll tasks; Sc’cc)l lc~, t}l(’
hi[;ll-fidc]ity  calil)latioJl  of the tll)c’c-diIl-lcll<ic)llal
~~apllics  11-IOCICI< ~clati\c  to ,qi\ell  “ J  \7 caInc  Ia two
dilllcnsiona]  ilna~c  flal]les  \v}licll cO\l  Cl t}Ic si~,llt  of
}Iotlt tlIc Tollot  arl~~ aIIcl the [)l~jcc[s  o f  intucst;  {Ilircl,
tllc  }Iigll-ficlclit}  eve]  lay o f  tlIr  calil,latd  ~,r?])}lics
lJ”toclcl  ()\~cl  t}lc aCt  Lla] Jol)ot  arIn  and ol)ject ilna{ges  in
a  ~,i\’cll  ‘J’\7  calnc~  a ima:,c  frall}c  011 a  n~onito~  screen;
foLII l]], tlI(, l[i~ll-ficlclity  Jnotioll cent I (II of I ol)ot arm
~1 a~,llics ilnafi(,  b} llsin~  t}lc sallic  coIItrol  soft\varc
t}lat dTi\’CS  t}lC’ J(’a]  J()~lOt.

‘j hc IIif;lt-fidclit}’  fLlsd \iI  {LIal  slid ac{LIal  ICa]ity
ima~,c  ciis})lays  became vc~ y llsrfLll tools”  fol- }~lanllil IF,,
pJ c\’icl\’illp,,  aIIcl pl  cdiciillg  I olmt aI-Jn lnoticms
M’itll(mt comTnallclill~ a n d  Jn[nJill~, tll(’ rol)ot
llald\\’al  ($, ‘I+Ic ()})cIa{oI CaII $,cJlcvatc  \’isual ~la}~llics
llJ’Ja~,  (’ sul)elilnposcd  ()\~cr “l”\l  pictllms  o f  the l i v e
sccIIc.  ‘J ‘l Ius, tll( ()}wI ato~  call scc tl~c COIFUjLICI  I c e s  of
motion COIIIII)a  IICl S ill )( ’al tiln(, i) CfOJ(’ smrlinc  tllc
co)llIna~lds  to the ~clnotcl~f locatd  1  ol)ot ‘1’I-IC
calil)l-atccl  \’irtual  lcality  d-isplay s\~stcIII call a l s o
})lo\’iclc l~i~,lt-ficlclit~  Syntl]ctic  OIal”tific  ia] ‘I”\J  calnera
\’it\\’s to tllc  ()}wI  atol. ‘] ’}Ipsc syl-lt}l(,tic \icws Call
Illakc  Critical 11’lotim]  c\’wits \’isilllc tlmt aIc otherwise
ltidclcll  frmIl  t h e  o})etatoI  in a  gi\cll  ‘I”\)  calncra  \ie\~’
01 foJ vvl~ic}l  II(I ‘l’\J caTII(,Ia  \,ic\y i s  avail  al)]c.

‘J’i Ic cllrrcnt Calil)latioll  lnethod  Ilscs  a  ])C)int-to-
}~oilli  Il[a}Jpill~  ]-)1 oc(du I c , a n t ]  tltc com])utation  o f
caltlcra  ]Jar:irnctcls  is tlasd  on tllc  icl(al  }>il~}~olr  moclcl
of illla~c  fonnatir)ll  b)’ tllc c a m e r a , ]J I  the C:III”JCI’:1
(alil)l  at i o n  ] )roc(Lcl LII c, t}lc o})cratol fil>t  Cllicls  tllc
C{)l I(’S})OI)(iCJICC ]Ilfol-l)latioll”  t)ctl\,CCll tl 1(’ thl c(’-
dilnclwi(JJlal  g~ aphics  IIIocl(,l  ]]oiJlts  aIIcl  the t  \v(~-
dinlcn~iollal  CaIIICI-a  iT1ia~(,  p o i n t s  of tlic lohot  a r m  t o
tllc  Cml’l]mt(’] T h i s  i s  ])cllOrIn(’d }I\’ rc}]caidly
(]ickill~,  m’it]l  a  II IOLISC a  p, Iapllics  Inoclcl })oillt  ancl  i t
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\/cry cc)m]>utatic)ll intcmsi\’c, ilut a]>})  l”c)xilllaie
sillllllatiolls [ a l l  lK’ accwln})lisllcc] \vitll[)(lt 1 I Iajol
di(ficultics.

4, LJN(’ON\ ~l!Nrl’lo  NAl”  ‘I’l;~ll Nl<)Ul(s

‘1’IIc usc  of \’(Jiw and tlw usc o f  cyc~am  offcJ t\vo
II C’)4’ lll)c(Jll\Jcl  )iiollal c(~l]~l~l~ll~ic:iti(~ll C’]l;lllllC]S to

LX JIIt IOl  ]Ilaclli]lcs,

4.1 Voim  ~’c~lll)llllllicati(]~l

Not( tliat tl]e l)uII)aII  auciio/\ocal ccl]]~ll)~l]~icatioli
cl Ial IIIcl d o t s  not  rcc]uilc  maI]Llal OI sonip  S]]ccifir
\’isllal  cc)l Itact lwt\vccl  I O]x’ratol. and macllillc,  aIIcl it  i<
Csselltially  (~l]llliclil(ctic~l-lal  and al\va)rs  O]-ICII.

Acl\t\llc(]i~(]lts i] I colll}”JLlt(’I-l  las(’d \’oicc
I  (*cogIlit  ion systc  IIIs m a k e  tllc dilect  usc of hUIIIa  II
sjwcch feasii,]c  (OI COIItJOl ap})]icatimis  ill a
tclcwpcrato  J Control  staticm. Sc\~eral  sLIcll  a})plicatioll
ha\Jc  lull clc’\x’lo~lc’d a t  ]1’1  [24]. A s p e c i f i c
a]>p]icati(~ll  systcll] W’a$ ck\K’lcp’cl  fo? tl”lc’  Colltlol  o f
tlw S}Iacc Sl]uttlc T V  calne]as  al]cl  IIlcmitors  w’}~ilc  t}I(
o]x,ratoJ  ma?lually  coJltrc)ls  the Sl\~lttlc  mbc)t arm,  III
t}~is a]qllicati(m  tllc c~]wIatms  roLIld “ p u s h ”  cmlt Iol

switc]lcs  })y v o i c e  illstcacl  of llsin~  fingcm. SOl”]lc
SIL~lttlc  ]-c~lmt aI III task  aw \risually  \Jcry  dcInaJ]clillfi,
,Illd Call  JCq UiTC’ 5[) to 7[) mnmancls”  to foul  ‘I”\J
calIImas  alIcl  i\vo ‘IV lnculiiors  w i t h i n  I??O IniTlutcs
tilne  fralnc  to assu]c  sLlfficimt  \’isual fcxdl~ack  to tllc
(I]wlat(u. ‘1’11(’  f, Imll”\cl  c’011t301 tests  a t  t}]c jdIns(III
S] IaCc C’CIItc~I  [25] ha\~c slIowII  96 io 1(10[)0  voi(c
IC’CO[;  IlitioJl aC’Clll’FIC’)’ fOJ the’  bL5t tCSt 11111S  :ill C] lCSU]tCd
ill tllc foll(~wil~~  lnaj(n  ccu~clusi(ms: (i) the a]l],licati(~n
c(u Icc}Jt is lca]istic  aIIcl  acm,ptal]lc;  ( i i )  the IIW of \)oicc
CmIITI-IaIICl S illdcccl  colltril]utcs  to a  Mtm Jll:llt-l)-lacllillc
iiltclfacc  intcp,ratiml;  (iii) indi\’idllal  1111 IIlaII a c o u s t i c
Clmrddclis  tic% aIIci  trailiin~,  l\a\~c a  majm  im]~act  OII

systcl~l ])c~fo]~nallcc.

sc\lc’lal altcl”llativc Cwm})inat  ions o f con t 1’01

\’(rai JLlla  T)’ words u’itll all(i witlimlt  syliax  IeSt Iicti  Oils
\$Jcr(’  clc\Jclo]lc’cl  aIlcl t e s t e d . Altc)gctl~cl  thilty-six
c’ollt  1’01 s\iritcllc5  IIad to lW acLi\’atcd  b) \’oicc
CO III IIm IiCj S, ‘l”l~c iraillin~  expcrinlcnts  lla\~c sll~n\’11  that
tllc o]wlators  prcfcI siln])lc  \ocal)ularim  w i t h
JIlillilllulll  0] II() Syntactic  rcstlictiolls. ‘ICI c o p e  wit]l
t}lis clc$irc,\~ocal~lllarics \\~c’1  ’c’ co] Istf  llctcc] using)
C(HIC’atCV\atd  WO1’C]S  foJ” fll]] :lC~i Oll COllllllalldS. As ii
i(lrllcd ollt, tllc O]m’atm”s  l’cmc’lllbc’lc’c{  aI”\ci  LISd with

lligllc’J COJlflC](,I)CC l)L17.r\4~c~rcl-like  \’c)icc Cmlllllancls
tlIal I woIcls  l~rl]icll wcIc emldcld i n t o  s}~lltacti(

}]1OCCC]L1I(’S.

4 . 2  ll~cgaPc (’()]~~lll~lllicatic)l~

“J’hC  1)’c~,aze  SJ’sicmI [?61  i s  l~asically a  tool  fc,r
IIlcasulillp,,  lc,coldin~, ]]layil~~ lIack,  a;Icl analy7ill~
Vi’]iat  a  ]wlso]i  i s  cloiTl~, \4’itll IIis e y e s ,  lhc systcln Ilses

tllc l’Ll})il-~’cl-~  tcr/C’c)Il\c;\l-l{  eflccti(~l~ II”lctl”lod t [)
rlc[(villiilc  tllr  cy(,’s  p,a~c  rlil@ioJ1.  A  viclec)  canlcra
]OC:it  Cd lJC]O\V  t}lC cX)l  II])UtCl SC’IC’CII,  C)J’ lX’]O\\T  t h e ’
\V(lJk  S} I:iCC \\’]1(’J”i C(Hll]>Ut  C’1” IlloJlitol’”  i s  IIot LISCd,
Colliillually  (lllSCr\’es  tllc  sllbject’s  e y e . A  s]nal],  lo\v-
po\vCI  il\fraTcd  IiSllt  clnittillg  rlic)cie  (111))  lc)catec]  a t
tllc’ COI!CI  of tlic  calncla  lcv Is illumilla{cs  tllc  e y e .  T h e
l}; l) gmcratcs  t h e  co~~lcal  lef]ccli(ul  allcl  catlscs  t h e
l>li~,ht  p~lpil  ctfic)d Ivllicli cn}lanccs tl~c camma’s ilJia~c

o f  tllc },tl]]il,  S})c,cialimd  inlage  ],loc(,ssillp,  Softm7arC
identifies allci  locates t}le centers o!’ I)otll the pu])i]  aIIcl
c(J711cal  rcflcciioll, “lri~on(m-lct]ic  Calclllatic)lls  thcm
ploj~ct  t]l(,  sul,jcc(’s  $~~~,~  ],c,irlt lIascd  c)lI tllc ])ositic~ll
Of the ~]ll}]il  C(’lltcl  alIcl  colneal  Icflcctioll  \\lithil’l  tllc
\’iclrc)  ifnagc. NO at[aclllncnts  to tlic  lIcacl arc
Icc]uircci.

‘Jhr l,ycgay,c  Systelll  [ ? 7 ]  allc~}~~s  ]wo])le  l~]ith
])llysical  clisal~ilitics to o]-mratc  a  colll])utc~  witli  t h e i r
eyes, I\y lo(~killg a t  ~,laphically  dis})laycc]  COJltl  O]
k~’~SC)Jl a CCMll])UtCJ J1’10llitOJ, a }Icrs(m  can control the
cn\’iIcmIllcIlt (li~hts, “J ‘\7ap])liarlccs,  , C’tc .), type,
O} K’Jdt(, a tCk’}’]]l OIKJ, aIIc] 11111  COlll]>Llt  C’1 SOft\VFll  (~, CtC.
‘I’l Icw systems aw LISd  aIOIIIId t}lc 11. S., ~’aIIacla  a~lcl
JLIIOp C t))’ chilclJm~  and a d u l t s ,  Its IISC rccluircs: ( i )
p,(d Cmltrol  of O1lC’ C’yc, (ii) tll(, al)ility  to kcq)  tlIc
}Icad s t i l l  ill  fIOIIt of t}lc I;yc,~a7c  C’al  IIeJa,  ( i i i )  a l~Iicf,
lF,-s(,coIIci  calibratic~ll ]lIocduw,  al}d (i\) a fluol(:sccnt
latl Icr that incaltclcsccnt  r(mII-I  liglltinp,,

Ii \VOLl]d  lx illtcrcstilt~  to try OLlt  t}lc’ C] LICltd
1 ‘) ’c’f;a  w S\’StC’111  fOJ  SCIII’IC col~tml operations  ill a
tclclc)l~otic ‘col  It Ic)l Statioli,

5. c’ON(’ILISIONS

SmlIc  ad\ ’aIlccs  lla\c  lwc II J)laclc ill tclclolmtics
t(c}lllolosy  tllroll~}l  tllc illtmclllcli(m of \e.riolls
Sc’llsc)ls, C’OIIL}lLlt  CJS, alltc)ll~ati(n~ al Id llc’w’ ~Iian-
machinc  iT~terfacc  ClcI’icCs  and techlliqllcs  for  rcmo!c
ll~allipulato]  c(llltlc)l. ‘Ihc’ clcwlo~)ll”lc’llt  Of Clc’xtc’lolls
lnec}lanislns,  SII-Ia Tt smscIrs,  flcxil]]c coltl}>utm  ccmtm]s,
illtclligcv~t ll~all-macllillc il}tcrfaces, al ld il~ll(n ativc
Systc’in clcsi~lls fol acl\’al)ccd trlcopc’Iatior  i s ,
howc\’cJ’, f a r  fl(~]ll Cmllplclc’, a n d  poses mall)’
illtclclisci])lillal} C}lalkllgcs. It SIIOLIICI  also  b(’
l’CC()~,ll17CCl  th~lt tlK’ no]mal m a n u a l  dexterity  of
lILIIIIaIIS  is lII(IIC a “lmc] )’” s k i l l  tllall  an il:tcllcdua]
01”1(, ‘1 }1(’ Innll-lllacllill(’ intrrfau pl~ilosophy
Clnlxdid il} th(’ fc)lc(-lcf}cctill~, mastc]  -Slave’
Illalli])Lllatc)J  Control” tcdllml[):,)’ lias  k)cwll  foundc’d
I]iailll\’ 01 I t h i s  fac[. Acl\aIIcecl tclcc~f]crat  imi
cvn}~lcjvins  sr~is(]l-lrfclc]lcccl  and cc)llll ]tlt(’]-colltrc  )ll(,d
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manipulators  shifts  tllc cJ1-J(,latc)I-tc]crc)lJr~t int(’1  fnc(’
frcun  t}lc l)ody  (analofi)  lc\’el to a  mcJIc  iIltcllcct Llal
lal~~,Lla~clikc  (syml~o]ic)  lc\~cl. Rcsca  Icl~ cffoIts fol-
dcvclo})illg  ncw Inan-macllinc  i n t e r f a c e  tcchnolo~y
for advancd  tclcwprraticm ,,li]] ],a\l~ tO ,-~]~~~, tl,~
]a], :,Lla:,c-l ike s y m b o l i c in(crfacd  betwccl)  lIillllan
o]wrator  allci t(’lc’l”(ll](~t as C’fficimt a s  t h e  mll\Jc’lltiollal
aI~al(J{;  intclfaw. ‘1’}lis  IcmaJk  a]so app]ics  to ()]]clat()r
intclfacc  clc\JClopmcnt  for  pIoccdu  Ic Cxcclltion  aicis
and fm cx}IcIt  sys tems in  tclcopcratc)l’  actim]  ]~lallllili~,
a n d  C’L’1 01”  l(WJ\’(’J’~  [?8).

‘J’JIc a])~]licaiiml  clmnain  of telclobotic  tccllllologies
i s  cxpallciin{;  a s  cxcIll}Jlificd,  (.pl., by tllc  clnc,l~,ill{;
fields  o f  tclclilcdicinc, telcsur~cry,  tclcsricmcc, dc.
‘1’})(’ isslles and Clmllcmgcs in hLllll~ll-lT)b[)t

cc)llllrlllllicatic)ll  in the emerging  applicat ion domains
w i l l  atiaiI~  new  ciimcnsio]ls  and illcwascd iln}]o~-tancc.

AC’l<N[)}+)l  111>~;i;h41{N”l’

‘lhis  wcmk  w a s  prrformccl  a t the Jet l’mpulsim
I.alml-atmy,  ~’alifornia  llwtit  Lltc of ‘JechIIcJl(l~J,  LIIIdeI

coIItIac( to tlw Nati(mal  Acmnautics  and s p a c e
Adnlil~istlatio]i.
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